The ground and low-lying states of ozone ͑O 3 ͒ have been studied by multireference variational methods and large basis sets. We have constructed potential energy curves along the bending coordinate for ͑1,2͒
I. INTRODUCTION
The ozone molecule ͑O 3 ͒ can be thought of as a triatomic allotrope of dioxygen ͑O 2 ͒. It is well known by now that it is diamagnetic, thermodynamically unstable with respect to O 2 , and has a v-shaped geometry with an ՄOOO angle e = 116.7542Ϯ 0.0025°and a bond distance r e = 1.272 76Ϯ 0.000 15 Å, as obtained from high resolution infrared spectra. 1 It is fair to mention, however, that the first, in essence, definitive geometry of O 3 was obtained as early as 1953 by Trambarulo et al.
2 through microwave spectroscopy. These workers obtained r e = 1.278Ϯ 0.003 Å, e = 116.82Ϯ 0.50°, and a dipole moment = 0.53Ϯ 0.02 D. The most accurate experimental dipole moment recorded so far is = 0.533 747͑3͒ D. 3 A very large number of experimental and theoretical studies have been devoted to the low-lying states of O 3 . The interest on ozone was increased dramatically after the paper by Molina and Rowland in 1974, 4 referring to its interaction with man-made chlorofluorocarbons and its subsequent depletion in stratosphere, resulting in turn to the diminishing shielding of the Earth's inhabitants from the ultraviolet radiation due to the strong O 3 absorption between 220 and 290 cm −1 ͑Hartley band͒. The electronic structure of O 3 has been the subject of a plethora of theoretical studies, starting mainly in the early 1970s. [5] [6] [7] Nevertheless, it does not seem to exist a recent, systematic, and comprehensive high level study of the ground and low-lying states of O 3 , focusing on its electronic structure and bonding through the construction of potential energy profiles ͑PEPs͒ and with no symmetry constraints other than C s . On the other hand, the remarkable work of Schinke's group extending to 39 publications starting in 1997, centers, primarily, on the O 3 dynamics and spectroscopy. 8 The authors of the earliest group, 5 employed generalized valence bond ͑GVB͒ + configuration interaction ͑CISD͒ calculations coupled with ͓4s2p͔ or ͓3s2p1d͔ basis sets, to study the ground and a series of excited states, spanning an energy range of 5.5 eV. In the introduction of Ref. 5͑d͒ it is stated that, "These studies showed that the ground state of ozone is well represented as a biradical with weak bonding between the singly occupied orbitals on the terminal oxygen atoms." This view, i.e., the biradical character of the ground state of O 3 , has been well accepted from the scientific community and holds good up to these days.
7͑b͒,7͑c͒,9-14 However, our variational multireference calculations do not show a biradical character, or at least, the consistent interpretation of our results do not need to invoke any open singlet biradical interpretation ͑vide infra͒.
The Peyerimhoff group 6 performed MRD-CI calculations ͑multireference+ selected singles and doublets + extrapolation͒, using 6s4p1d contracted Gaussian basis sets augmented by a set of s or s and p bond-type functions located between the oxygen atoms of O 3 . In these series of papers the authors have calculated potential energy surfaces ͑PES͒ and potential energy profiles ͑PEP͒ of the ground and certain excited states, transition moments, and dissociation energies, aiming, mainly, in interpreting the experimental spectroscopy of ozone.
Relevant results from the collection of papers given in Ref. 7 will be discussed later on in the present work.
The motivation of the present study is the examination of the ground and a series of excited states, specifically stationary states located on optimized PEPs of symmetries 1,3 AЈ and 1,3 AЉ. We employ quantitative basis sets, multireference variational methods ͑internally contracted MRCI= CASSCF + single+ double replacements͒, and we have constructed PEPs with respect to the ՄOOO͑=͒ angle ranging from 180°through complete dissociation to O 2 + O, optimizing at the same time the bond distances at every point in a C 2v fashion at the icMRCI level. However, all calculations have been done under C s constraints.
In all present calculations the correlation consistent polarized valence basis set of quadruple cardinality, cc-pVQZ =12s6p3d2f1g was used, generally contracted to ͓5s4p3d2f1g͔ ͑=4Z͒. 15 For the O 3 molecule, this basis set creates a functional space of 165 spherical Gaussians. The zeroth order ͑CASSCF͒ wave function has been constructed by distributing the 18 valence electrons ͓͑2s 2 2p 4 ͒ ϫ 3͔ in 15 orbitals, 12 of aЈ and 3 of aЉ symmetry species. Depending on the symmetry, CASSCF expansions range from about 8000 to 11 500 configuration functions ͑CF͒, with icMRCI expansions from 5 to 8 ϫ 10 6 CFs.
We report geometric and electronic features of O 3 for 13 states spanning an energy distance of 4 eV. All calculations were done with the MOLPRO suite of codes.
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II. RESULTS AND DISCUSSION
In what follows, Secs. II A-II D, we present details of PEPs of similar symmetry, namely, ͑1,2͒
1 AЈ, ͑1,2͒ 1 AЉ, ͑1,2͒
3 AЈ, and ͑1,2͒ 3 AЉ. multireference average quadratic coupled cluster, MR-AQCC/cc-pV5Z level, but the results cannot be considered as reliable judging from the last two columns of suppressing finally the first six aЈ orbitals, which are, in essence, linear combinations of the 1s 2 and 2s 2 atomic oxygen orbitals. Notice that the aЈ and aЉ orbitals lie on the molecular plane ͑yz͒ and along the x axis, respectively.
The configurations above point clearly to a closed shell ͑regular͒ singlet; the "0.29" component is a usual 2aЉ 2 → 3aЉ 2 excitation, or in a slightly different language, a GVB correlation. As the ՄOOO͑=͒ angle increases from e to = 180°, the 0.29 component diminishes monotonically until it reaches a value of "0.15" at the linear arrangement 1 ⌬ g . In the linear configuration the O 3 molecule is described adequately by two configurations of equal weight, The only way that a lowest 1 ⌬ g symmetry can be realized is through the interaction of O 2 ͑a The bond distance and energy of the 1 ⌬ g linear configuration are r = 1.308 Å and E = −225.000 59 E h .
The smooth correlation of the X The instability of the 1 1 A L Ј isomer is due to the nonoptimum direction of the 2p y and 2p z atomic orbitals leading to a small overlap and the Coulomb-Pauli repulsion of the three 2p x electron pairs perpendicular to the molecular plane ͑yz͒. This "strained" cyclic configuration reminds the cyclopropane molecule ͑C 3 H 6 ͒ isoelectronic to O 3 . The oxygen atom is isoelectronic to the parent carbine CH 2 ͑X 3 B 1 ͒; its ground state being also of 3 B 1 symmetry under C 2v constraints. It is remarkable that by bringing together in a proper fashion three CH 2 species in their X 3 B 1 state, the highly strained cyclopropane molecule is obtained. Cyclopropane, although highly strained, is quite stable with a boiling point of −32.9°C and a melting point of −127°C, and a topology identical to that of the cyclic ozone, from which the former is obtained upon substitution of the six p electrons by six H͑ 2 S͒ atoms distributed above and below the planar skeleton.
The 2 1 AЈ PEP correlates to the 1 ⌺ g + structure ͑ = 180°͒, 6.8 ͑7.3͒ kcal/mol higher than the corresponding linear 1 ⌬ g ͑1 1 AЈ͒ arrangement. At = 85°and r e = 1.3924 Å we have a minimum ͑ 1 A 1 ͒, the result of an avoided crossing between the 1 1 AЈ and 2 1 AЈ profiles; see Table I and Fig. 2 . The barrier to linearity ͑ 1 ⌺ g + ͒ is BL= 36.0 kcal/ mol, whereas the barrier to dissociation, from = 85°to = 60°, is 85.6 kcal/mol. The same avoided crossing has been previously discussed by Banichevich 3 ͑as͒ is imaginary, i.e., 3 ͑as͒ = 223i cm −1 . As far as we know the 3 frequency has never been calculated before, but it has been stated as early as 1991 that it is imaginary. 31 Our MRCI͑+Q͒ r e and e values, Table I , are in perfect agreement with the recent ones calculated by Grebenshchinkov et al. 8, 32 The main equilibrium CASSCF CFs of the 1 1 AЉ state are 31 at the CASSCF level.
C. 1 3 AЈ and 2 3 AЈ
The PEPs of the 1 3 AЈ and 2 3 AЈ are displayed in Fig. 4 . Under C s symmetry the global minimum of the 1 3 AЈ curve ͑1 3 A G Ј ͒ correlates to a linear 3 ⌸ u configuration due to an avoided crossing at near 160°with the 2 3 AЈ PEP. In other words, diabatically, the 1 3 A G Ј traces its ancestry to the 3 ⌸ g linear arrangement, whereas the 3 ⌸ u is inherently of repulsive nature.
The only experimental findings for the 1 .0 kcal/mol, but the energy barrier to dissociation with respect to is 107.7 kcal/mol. However, we were unable to calculate the three harmonic frequencies due to severe technical problems. At = 60°the two curves 1 3 AЈ and 2 3 AЈ are degenerate, marking a conical intersection.
The most significant configuration is 
It should be noted that the electronic structure of this state is of the same type with that of the 1 1 AЉ previously discussed, but with the two 2p electrons of the latter coupled into a singlet. This is the reason that these states are practically degenerate, differing by 1.5mE h , the singlet being lower; see Table I . From Table I we can see that our calculated T e ͑1
a very good agreement with the corresponding experimental values. 13, 19 The global minimum of the 1 3 AЉ curve, 1 hen it becomes degenerate with the 1 3 AЉ PEP. Numerical values of the global minimum 2 3 A G Љ , the local being the linear configuration, are presented in Table I .
III. SUMMARY AND REMARKS
The present study examines the electronic structure of a few low-lying states of the ozone molecule, namely, X The focus of this work is the critical examination of the structure and bonding of certain low-lying states, some of which are studied systematically and at this level for the first time.
For the ground X 
